Introduction
Water is a vital resource for life and access to safe drinking water is a basic right of every individual. 1 South Africa is a semi-arid country with very little rainfall, resulting in high water stress; as such, individuals in many communities struggle to access potable water. 2 Water scarcity problems can be addressed through the recycling of municipal wastewater for reuse in households -a practice which is increasing worldwide. 3 However, reclaimed water may be a major source of pathogenic and opportunistic microorganisms, as well as pharmaceutical waste products. 4 The presence of pathogenic microorganisms in treated water sources usually is because they are able to survive the treatment process. Moreover, in most developing countries, water-treatment plants are usually faced with maintenance problems and a lack of qualified personnel.
In aquatic environments, microorganisms have the ability to adhere to solid surfaces and form biofilms. 5 Biofilms are bacterial communities embedded in a polysaccharide matrix, which gives them the opportunity to resist destruction by antibiotics, environmental stress, biocides and detergents. 6 Bacterial regrowth in the distribution system may result from the detachment of biofilm bacteria, which increases the risk of infection in humans when the water is consumed. 6 Generally, most water distribution systems are characterised by the presence of biofilms, regardless of purity, the type of pipe material used for distribution or the presence of a disinfectant. 7 Bacteria in drinking water systems can therefore grow in bulk water and as biofilms attached to the walls of pipes. 8 Moreover, the development of biofilms inside water distribution pipes facilitates the propagation of mixed microbial populations and is considered the main source of planktonic bacteria in water supply systems. 9 This problem is further aggravated by the presence of opportunistic pathogens such as Pseudomonas, Aeromonas, Klebsiella, Mycobacter, Escherichia coli, Helicobacter, Salmonella and Legionella spp. that may increase the health risks associated with the consumption of water from these sources. 10 Different materials -such as cast iron galvanised steel, stainless steel, copper and polyethylene -have been used to manufacture water distribution pipes and these materials favour biofilm formation in the water distribution systems. 7, 11, 12 Differences in the pipe materials greatly favour the survival of different bacterial species. 13 The presence of biofilms in drinking water distribution pipes usually leads to a number of undesirable effects on the quality of water that is supplied to consumers. 14 The development of biofilms in copper pipes facilitates cuprosolvency which increases the release of copper into the distribution system. 15 Furthermore, increased carbon influences the growth of heterotrophic plate count bacteria which are also involved in the corrosion of copper. 15 The corrosion of lead-containing plumbing materials increases the chances of lead contamination in tap water, which can cause adverse health effects in humans, especially children. 16 Detachment of bacteria from the biofilms may affect the quality of the water. 17 Therefore, the deterioration of the quality of drinking water as a result of biofilm formation is a major concern for most municipal supply agencies and communities. Biofilms are present in spite of different treatment processes; the occurrence of biofilms in drinking water is attributed to bacterial resistance to disinfectants, ability of the bacterial species to resist chemical compounds released from pipe materials and species association which increases the proportion of viable cells. 18, 19 Moreover, the use of different disinfectant methods may have long-term effects on the biofilm community. 20 Biofilms consisting of Pseudomonas aeruginosa and different faecal bacterial species have been detected in water distribution systems, even in countries that have more advanced water-treatment facilities. 21, 22 Mafikeng is the capital of the North West Province of South Africa. This city uses both groundwater as well as dam water for drinking water production. Some areas receive a mixture of the two water types and others receive only one or the other. The purification plant for the surface water is at the Modimola Dam and receives treated
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Biofilm formation devices
To study biofilm growth, a flow system technique that utilises a biofilm developing device was used ( Figure 1 ). The biofilm developing device pipe system was made from clear plastic pipe with a diameter of 16 mm. The device was installed with copper and galvanised coupons to serve as solid surfaces onto which bacteria could adhere and form biofilms. Coupons were held in place by screws. The device was mounted horizontally to the main pipe of a building of the North-West University in Mafikeng (Figure 1 ). This building receives mixed water. The coupons were installed at the different sampling points for 6 months. Mini tap filters ( Figure 2 ) -which are point-of-use (POU) treatment devices which can be used at a single faucet under constant flow -were also used to form biofilms during the second collection. The filters were placed on cold water taps in participating locations that received treated groundwater (Molopo Eye water), only Modimola Dam water or mixed water (North-West University, Mafikeng campus). The filters remained at these sampling points for 4 months. 
Sampling of biofilm
Biofilm samples were analysed twice during the study period. To collect samples, the pipes containing biofilm developing devices were closed with valves before they were disconnected and the coupons were removed using sterile forceps. The filters in the mini tap filter devices were aseptically removed from the cartridge. Coupons were placed immediately into sterile 100-mL Schott bottles that contained water from the particular sampling site. Samples were transported on ice to the laboratory for analysis. Upon arrival in the laboratory, the coupons were removed from the bottles. Those coupons intended for scanning electron microscopy were stored in 100% alcohol and the remaining coupons were analysed for bacterial growth. 
Scanning electron microscopy
The biofilm structure was investigated using scanning electron microscopy (SEM). Biofilm samples were fixed by 2.5% glutaraldehyde and 2% osmium tetroxide, dehydrated sequentially in increasing concentrations of ethanol (70%, 90% and 100%) for 15 min and critically dried in liquid carbon dioxide. The samples were mounted on SEM stubs using double-sided carbon tape. These stubs were then carbon coated. Finally, the samples were super coated with gold/palladium and viewed using a Philips XL30 scanning electron microscope (Philips, Aachen, Germany). Enlargements ranged from 63X to 20 000X.
Isolation of bacteria from the biofilm
Bacteria were isolated using standard methods. Biofilm bacteria on the coupons were removed by swabbing the surfaces with a sterile cotton swab dipped in sterile nutrient broth and immediately streaking it onto selective media for the isolation of targeted organisms. The media used were: mFC agar for the isolation of faecal coliforms, mEndo for total coliforms and Aeromonas selective agar for Aeromonas and Pseudomonas species. All the media used were Biolab agars from Merck (Johannesburg, South Africa). The plates were incubated aerobically at 35 °C for 24 h, except for mFC agar plates which were incubated at 45 °C for 24 h. Blue colonies from mFC agar and metallicsheen colonies from mEndo agar were considered as presumptive faecal coliforms and total coliforms, respectively. Moreover, yellow and green colonies on Aeromonas selective agar represented Aeromonas and Pseudomonas species, respectively. These isolates were sub-cultured on the respective selective media and plates were incubated aerobically at 35 °C and 45 °C, respectively, for 24 h. Presumptive pure colonies were subjected to specific preliminary and confirmatory biochemical tests. All pure isolates were Gram stained using standard methods.
Preliminary biochemical tests
Triple sugar iron agar test
The triple sugar iron (TSI) test can also be used as a confirmation test for E. coli. The TSI agar obtained from Biolab (Merck, Johannesburg, South Africa) was used to determine the ability of isolated organisms to utilise the substrates glucose, sucrose and lactose at sample concentrations of 0.1%, 1.0% and 1.0%, respectively. The test was performed as per the instructions of the manufacturer and evaluated based on the formation of gas and hydrogen sulphide and fermentation of carbohydrates to produce acids. TSI agar slants were prepared in sterile 15-mL McCartney bottles. The slants were streak and stab inoculated with a sterile inoculation needle containing the selected colony. Following inoculation, the slants were incubated at 37 °C for 24 h. The colour of the slant and butt was recorded (red or yellow) as well as the production of hydrogen sulphide (when the agar blackened) and formation of gas (when the agar split).
Oxidase test
This test was performed using the Test Oxidase TM reagent (PL.390) from Mast Diagnostics (Nesto, Wirral, UK) in accordance with the manufacturer's published protocol. A well-isolated pure colony was placed on filter paper using a sterile wire loop. A drop of Test Oxidase TM reagent was added to the filter paper and mixed. After 30 s the filter was observed for a colour change. Isolates that produced a purple colour were presumptively considered to be E. coli. Oxidase positive colonies were taken as presumptive Aeromonas isolates.
Analytical profile index test
The analytical profile index (API) 20E test was performed in accordance with the manufacturer's protocol (BioMeriéux, Marcy I'Etoile, France). An API 20E strip was used to identify Enterobacteriaceae and other nonfastidious, Gram-negative rods. The strips were inoculated and incubated at 37 °C for 24 h. The indices obtained after reading the results were interpreted using the API web software (BioMeriéux ® ). The organisms were identified to species level.
Antimicrobial susceptibility test
An antibiotic susceptibility test was performed using the Kirby-Bauer disc diffusion method. The following antibiotic discs (Mast Diagnostics, UK) were used at the final concentrations that are indicated: ampicillin (AP) 10 µg, cephalothin (KF) 5 µg, streptomycin (S) 10 µg, erythromycin (E) 15 µg, chloramphenicol (C) 30 µg, neomycin (NE) 30 µg, amoxycillin (A) 10 µg, ciprofloxacin (CIP) 5 µg, trimethoprim (TM) 25 µg, kanamycin (K) 30 µg, oxytetracycline (OT) 30 µg. These antibiotics were chosen because either they are used in both humans and other animals or they have been reported to be resistant in previous studies.
Three colonies were picked from each sample and each colony was transferred into 3 mL of sterile distilled water to prepare a bacterial suspension. Aliquots of 1 mL from each suspension were spread plated on Mueller-Hinton agar plates. Antibiotic discs were applied to the plates using sterile needles and the plates were incubated at 37 °C for 24 h. After incubation, the antibiotic inhibition zone diameters were measured. Results obtained were used to classify isolates as being resistant, intermediate resistant or susceptible to a particular antibiotic using standard reference values according to the US National Committee for Clinical Laboratory Standards (now called the Clinical and Laboratory Standards Institute). Multiple antibiotic resistance phenotypes were generated for isolates that showed resistance to three or more antibiotics.
Confirmatory DNA test
Genomic DNA extraction Genomic DNA was extracted from all the presumptive Pseudomonas and Aeromonas isolates using the alkaline lysis method. The concentration and quality of the extracted DNA in solution were determined using a spectrophotometer (NanoDrop ND 1000, Thermo Scientific, USA) and 1% (w/v) agarose gel electrophoresis. The latter was also used for determining the integrity of the genomic DNA.
Polymerase chain reaction for identifying species
The identities of the presumptive Pseudomonas species were confirmed through amplification of the toxA 24 and ecfX 25 gene determinants and Aeromonas species were confirmed through gyrB 23 amplification. Polymerase chain reactions (PCRs) were performed using oligonucleotide primer combinations under the cycling conditions given in Table 1 . Standard 25-µL reactions that consisted of 1 µg/µL of the template DNA, 50 pmol of each oligonucleotide primer set, 1X PCR master mix and RNase free water were prepared. Amplifications were performed using a Peltier Thermal Cycler (model-PTC-220DYAD TM DNA ENGINE, MJ Research Inc., Waltham, MA, USA). All PCR reagents used were Fermentas (USA) products supplied by Inqaba Biotec Pty Ltd (Pretoria, South Africa). PCR products were subjected to 1% (w/v) agarose gel electrophoresis.
Polymerase chain reaction for detection of virulence gene markers
Pseudomonas species were screened for the presence of the exoA, exoS and exoT virulence gene determinants 26 while a specific PCR for the detection of aerA and hylH genes was performed on all positively identified Aeromonas species 27 . PCRs were performed using oligonucleotide primer combinations under the cycling conditions given in Table 2 . Amplifications were performed using a Peltier Thermal Cycler (model-PTC-220DYAD TM DNA ENGINE). The reactions were prepared in 25-µL volumes that constituted 1 µg/µL of the template DNA, 50 pmol of each oligonucleotide primer set, 1X PCR master mix and RNase free water. All PCR reagents used were Fermentas (USA) products supplied by Inqaba Biotech Pty Ltd (Pretoria, South Africa). PCR products were subjected to 2% (w/v) agarose gel electrophoresis.
Electrophoresis of polymerase chain reaction products
Products of the PCRs were separated by electrophoresis on 2% (w/v) agarose gel. Electrophoresis was conducted in a horizontal Pharmacia Biotech equipment system (model Hoefer HE 99X; Amersham Pharmacia Biotech, Uppsala, Sweden) for 2 h at 60 V using 1X TAE buffer (40 mM Tris, 1 mM EDTA and 20 mM glacial acetic acid, pH 8.0). Each gel contained a 100-bp DNA molecular weight marker (Fermentas, Hanover, Table 3 indicates the different types of organisms isolated from the biofilm. The results indicate only the numbers of isolates that were positive for the various categories when subjected to preliminary tests (TSI, oxidase and, in the case of Pseudomonas spp. and Aeromonas spp., API 20E). It is evident from Table 3 that total coliforms and faecal coliforms were present in the biofilms from the raw water from Modimola Dam but were not detected in the biofilms of the treated water from Modimola Dam. Furthermore, Aeromonas and Pseudomonas spp. were detected in the biofilms of the raw dam water as well as the drinking water from the POU devices. Only Pseudomonas spp. (27) were isolated from the biofilm of the Modimola Dam raw water (Table 3) , whereas both Aeromonas spp. and Pseudomonas spp. were found in the biofilms of the treated Modimola Dam drinking water and the mixed water.
Results

Occurrence and diversity of microorganisms in the biofilms
Figures 3 to 5 depict the surfaces of coupons and filters exposed to raw water ( Figure 3 ) and treated water distribution systems (Figures 4  and 5 ). Different organisms were isolated from the metal surfaces. The SEM revealed the existence of bacterial cells within the biofilm matrix, with a greater amount of bacterial cells found on the galvanised coupons than on the copper coupons (Figures 3 to 5) . From these micrographs, it was also evident that high bacterial densities were found in biofilms from the raw water of the Modimola Dam as well as from the drinking water distribution system in Mafikeng. The dam water is treated and supplied to homes for consumption.
When the coupons were removed from the biofilm development device, a green colour was noticed on the copper coupons; this colour is attributed to the corrosion products that are visible (like crystals) in the SEM (Figure 4b ). Attached cells in association with exopolysaccharide were visible in galvanised, copper and POU filter surfaces in the SEMs (Figures 3 to 5) . It is therefore suggested that the suspended cells have the potential to attach to the surface and participate during biofilm formation. An extensive sponge-like exopolysaccharide layer can be seen on the galvanised coupons in association with bacterial cells (Figure 3a ). Figure 5 (POU filters) shows evidence of biofilm formation on the surface of filters from mixed water, dam water and water from the Molopo Eye. Rod-shaped bacteria are the dominating organisms in the biofilm and the aggregation of rod-shaped bacteria entangled in the exopolysaccharide, as seen in the micrographs, usually reflect a mature biofilm. It was found that galvanised coupons from raw and treated water contained thicker biofilms than did the copper coupons. Of the treated water from the three sites, coupons from the mixed water were colonised by a variety of bacteria.
If biofilms contain any pathogenic bacteria, the detachment of biofilms could release these bacteria into drinking water and affect risk levels of consumers. 7 In another study, coliform bacteria -originating from biofilms observed on rubber-coated valves -were isolated from drinking water distribution systems. 21 Coliforms were not detected in the present study, but that does not mean that they were absent.
Antimicrobial susceptibility test
All the organisms were subjected to an antibiotic sensitivity test using 11 antibiotics of clinical importance. Multiple antibiotic resistance phenotypes were generated for isolates resistant to three or more drugs; the results are shown in Table 4 .
All the isolates tested were resistant to ampicillin, amoxicillin, cephalothin, erythromycin, chloramphenicol and trimethoprim. All the organisms tested were susceptible to ciprofloxacin. Four different multiple antibiotic resistance patterns were observed and all the isolates were resistant to three or more classes of antibiotics. The highest level of resistancewith the phenotype KF-AP-C-E-OT-K-TM-A, indicating resistance to eight drugs -was observed for isolates from biofilms. From these results, it is evident that ciprofloxacin and streptomycin were the most effective, because all or a large proportion of the isolates were susceptible to both. These results indicate that biofilm grown organisms may serve as Identification and detection of virulence gene isolates were done using gyrB, toxA and ecfX gene fragments through PCR. The gyrB and ecfX gene fragments were amplified. Specific PCR assays for the detection of virulence genes (aerA and hylH in Aeromonas and exoA, exoS and exoT in Pseudomonas) produced DNA fragments of the expected size of some of the markers. Of the 39 isolates that were screened, the combination of virulence genes detected in the isolates from the different areas are shown in Table 5 . Aeromonas spp. that were isolated from biofilms from Modimola Dam raw water (8 of 12) and mixed water (1 of 10) harboured the hylH gene ( Figure 6 ). These genes were more prevalent in isolates from raw dam water. However, aerA genes were not detected in the isolates from either site. The exoA gene ( Figure 7 ) was detected in Pseudomonas spp. from the raw water biofilm and biofilm isolates from the treated dam water. Isolates from the biofilms from all sites harboured exoT genes (Figure 8 ). However, none of the Pseudomonas spp. isolates possessed the exoS gene. 
Discussion
Water is a vital component of life but can serve as an important vehicle for the dissemination of potential pathogens to humans. 21 Source water that receives sewage effluent may be polluted with opportunistic pathogenic microorganisms and pharmaceuticals. 28 Modimola Dam receives treated sewage effluent. Organisms that survived the treatment process may be able to grow in the aquatic environment. A further concern is that, at times, the treatment processes fail and the potential exists for the presence of opportunistic pathogens such as Aeromonas hydrophila and Pseudomonas aeruginosa. Both of these species have a tendency to form biofilms. This study was thus aimed at determining whether Aeromonas spp. and Pseudomonas spp. occur in biofilms in the drinking water of Mafikeng.
Organisms isolated in this study include faecal coliforms, total coliforms, Aeromonas and Pseudomonas. In a similar study, heterotrophic bacteria were isolated from biofilms in copper plumbing, which included a wide variety of organisms. 10 Aeromonas species are implicated in gastroenteritis and are generally considered to be waterborne pathogens 29 while Pseudomonas species are opportunistic pathogens that cause nosocomial infections in susceptible patients 30 . Moreover, it is very difficult to eradicate Pseudomonas species because of their high intrinsic resistance to a variety of antibiotics, including β-lactams, aminoglycosides and fluroquinolones. 31 Aeromonas has the potential to grow in water distribution systems, especially in biofilms, where it is resistant to chlorination and produces many different putative virulence factors. 32 Isolates that are resistant to chlorine may be present in tap water that is intended for human consumption, and which therefore causes disease in humans.
The regrowth and formation of biofilms in drinking water distribution pipes has been detected even in countries with advanced water-treatment and health-care facilities. 21 The presence of biofilms has been found to cause significant corrosion of pipe materials and, subsequently, the addition of inorganic and organic matter, which results in a poor aesthetic quality of water. 12 Moreover, free chlorine reacts with compounds present in biofilms inside water pipes, producing an unpleasant taste and odour. 11 Adherent bacteria are more resistant to antimicrobial agents and could contribute to the planktonic cells present in the bulk water. The prevalence of planktonic bacteria in drinking water may be a result of sloughing of the biofilm -an assumption which is supported by the observation of planktonic bacterial episodes in treated drinking water. Biofilm formation is facilitated by many factors including available nutrients, characteristics of the pipe material, disinfectants used, physico-chemical parameters and the ability of the microorganisms to resist destruction by antimicrobial agents. 33 The significant release of nutrients from the surface material to the water promotes the growth of bacteria. 18 Cementitious, metallic and plastic materials are the three most commonly used types of plumbing materials. The plumbing materials chosen for this study were copper and galvanised steel, which are commonly used in domestic plumbing systems in South Africa. Our results demonstrate biofilm formation on both of the plumbing materials that were used. In another study, a higher density of bacteria was observed on polyethylene and polyvinylchloride surfaces than on galvanised steel. 34 In the present study, thicker biofilms were observed on galvanised steel than on copper. However, biofilms on galvanised steel coupons were not compared with those on polyethylene and polyvinylchloride surfaces. It has been observed that biofilms on copper had low concentrations of culturable bacteria. 35 It is thus not uncommon to find low levels of culturable bacteria in biofilms on copper coupons. Moreover, it has been reported that the formation of biofilms was slower on copper pipes than on polyethylene pipes. However, after 200 days there was no difference in microbial numbers in biofilms between the two pipe materials. 18 This finding implies that in the case of long-term use, biofilm levels on metal surfaces will be similar to those on polyethylene and polyvinylchloride surfaces. However, as a consequence of their nature, biofilms on metal surfaces will contribute to microbial-induced corrosion, which can increase the metal concentration in water distributed by copper pipes, 15 which has the potential to cause health problems. In the present study, we did not focus on the corrosion potential of the biofilms but rather on whether or not Pseudomonas and Aeromonas spp. colonise the biofilms. It has been previously demonstrated that Pseudomonas spp. are opportunistic pathogens that can integrate into drinking water biofilms on materials which are relevant for domestic plumbing systems. 35 Biofilms have been implicated in human infections and are particularly recalcitrant to antibiotic compounds. 30, 36 Final water produced by the water-treatment plant must comply with the South African National Standard (SANS) 241:2011 for drinking water. 37 No total coliforms or faecal coliforms were detected in biofilms from the treated drinking water, which thus complied with the SANS 241 standard of 0 CFU/100 mL. This finding is an indication that the treatment process was effective in removing total coliforms and faecal coliforms from the raw water. However, Pseudomonas and Aeromonas spp. were isolated
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Biofilm formation in water Page 7 of 9 Identities of the organisms were confirmed through PCR using gyrB, toxA, ecfX, aerA and hylH gene fragments. The ecfX gene encodes an extra cytoplasmic function sigma factor, which may be involved in haem uptake or virulence 39 , whereas the gyrB gene encodes the DNA gyrase subunit B, a protein which plays a crucial role in the DNA replication process 40 and the toxA gene encodes the exotoxin A precursor 25 . PCR assays targeting the ecfX and gyrB genes are highly suitable for the identification of P. aeruginosa. 25, 39 Application of the PCR technique to target gyrB, aerA and hylH genes is an excellent molecular chronometer for screening potentially virulent Aeromonas species in food and the environment. 40, 41 One rational approach to determine whether Pseudomonas and Aeromonas spp. have the potential to be virulent is the assessment of virulence phenotypes and screening for specific virulence genes. Pseudomonas and Aeromonas spp. isolated in the present study carried some gene sequences encoding toxic proteins, indicating the potential of these organisms to cause diseases in humans. The ability of Pseudomonas spp. to express these virulence determinants also enhances their capabilities to produce biofilms. 36 Pseudomonas aeruginosa is able to synthesise a large number of virulence proteins that greatly influence pathogenesis. 26 Pseudomonas species produce extracellular compounds which promote adhesion and the ability of the isolates to attach to surfaces, thereby also increasing the virulence properties. The pathogenicity of Aeromonas is complex and multifactorial and has been linked to exotoxins such as cytolytic enterotoxin, haemolysin/aerolysin, (aerA, hylH, hylA, alt and ast), lipase and protease and various other cell-associated factors. 27, 32 Screening for specific cytotoxin and haemolysin genes appeared to be the most effective way of detecting and characterising Aeromonas virulence factors. 41 The desired gene fragments were successfully amplified, which indicates the presence of virulent Pseudomonas and Aeromonas spp. in biofilms from drinking water. From the molecular data it was demonstrated that the exoA, exoT and hylH genes were successfully used for the detection of virulent Pseudomonas and Aeromonas spp. in raw and drinking water biofilm samples. It is thus important to perform molecular confirmation of isolates to ensure accurate results.
Detection of these genes amongst the Pseudomonas and Aeromonas spp. isolated from the drinking water sources of Mafikeng is cause for concern and should be further investigated. PCR assays could provide a powerful supplement to the conventional methods for a more accurate risk assessment and monitoring of potentially virulent Pseudomonas and Aeromonas spp. in the environment.
Conclusion
Bacterial biofilms were detected in all water sources that were sampled and opportunistic pathogens such as Pseudomonas and Aeromonas species were isolated from biofilms in raw water from the Modimola Dam, drinking water and mixed water. These isolates were found to harbour virulence gene determinants indicating that they have the potential to cause diseases in humans. Therefore, it is important to constantly determine the occurrence of these species in water bodies and drinking water distribution systems, in particular, and to determine whether conditions prevail that may allow these opportunistic species to survive water purification processes. Such a strategy will be of particular importance in scenarios in which treated wastewater is reused for drinking water. A clear understanding of the different mechanisms by which biofilm bacteria harbour and distribute virulence factors, as well as protect themselves from the action of disinfectants and antibiotics, is vital to formulate control and management strategies.
